We strengthen the holographical point of view that the (thermo)dynamics in Rindler space can be described by a time-dependent tachyon field theory, even at quantum level. We show that Hawking radiation from black holes can be equivalently derived through calculating thermal radiation from rolling tachyon in tachyon field theories (and vice versa), with the Hawking temperature corresponding to the Hagedorn temperature for radiation from tachyon. This implies that matter collapsing into a non-extremal black hole should experience a Hagedorn phase transition and should eventually decay into closed strings completely before reaching the horizon. The connection of radiation from tachyon to Hawking radiation leads to interesting results in tachyon cosmology: the uniform tachyon rolling in cosmology can naturally give rise to a hot universe with thermal perturbations at late times beyond inflation, providing a reheating mechanism other than traditional ones. The Hagedorn temperature for the tachyon is found to be comparable to the Hawking temperature of the dS universe at the end of inflation. This indicates that the gravitational-wave emission and absorption by the tachyon in the inflationary relic background should be balanced.
Introduction
It has long been known that strings can be created and radiated from unstable D-branes or S-branes, whose dynamics can be described by open-sting tachyon field theories. It is found in [1, 2, 3] that open-string pairs can be created from rolling tachyon at the Hagedorn temperature. This implies that most energy of tachyon condensation is transferred into closed string radiation [4, 5, 6, 7] . Indeed, the study [6, 7] shows that an unstable Dparticle or wrapped unstable D-branes will completely decay into closed strings, mainly massive closed strings. However, it is hard to get the accurate spectrum of closed string radiation because the back reaction is strong in this intensive process of energy release to string radiation. Moreover, the results are mainly derived in string field theories, in particular in boundary conformal field theory (BCFT). The situation in the effective theory is less studied.
In a previous work [8] , we have suggested a holographic dual description that a prob particle infalling in Rindler space behaves as an unstable particle. This reveals that the dynamics near non-extreme black holes can be described by a time-dependent tachyon field theory. This connection makes it possible to understand better one side of this dual description from the other. From knowledge of tachyon condensation, we learn that material collapsing into a non-extreme black hole should encounter a phase transition at the Hagedorn temperature and should decay into closed strings completely, mainly very massive ones, before reaching the horizon. We have also shown that the information of material collapsing into black holes should be stored in these closed strings.
On the other hand, one can also learn some useful information about tachyon condensation from black hole thermodynamics. Firstly, we know that the rolling tachyon should really produce thermal radiation, with the Hagedorn temperature equal to the corresponding Hawking temperature. Second, in the context of the dual description, we can have an intuitive explanation to the phenomenon that most energy of rolling tachyon mainly decay into massive closed strings, forming non-relativistic and pressureless tachyon matter, instead of massless ones. The reason is that the Hagedorn temperature for the radiation from tachyon is equal to the Hawking temperature so that the emission of massless closed strings is suppressed. Finally, we may get more accurate information about the closed-string radiation from tachyon condensation since the degenerate states of closed strings emitted from an infalling particle should be responsible for the increased entropy in the black hole due to absorption of the particle.
In this work, we shall focus on the correlation between Hawking radiation from black holes and thermal radiation from tachyon. We shall show that to derive Hawking radiation in Rindler space is the same as to derive thermal radiation from tachyon in tachyon field theories, in particular in the tachyon effective theory. This convinces us that there is indeed Hawking-like radiation from rolling tachyon. We further show that this has important applications in tachyon cosmology, which is also constructed based on the tachyon effective action.
The tachyon driven cosmology [9, 10, 11, 12, 13] has the merit that it can give a unified description of inflation, dark matter and even dark energy [14] as time grows. However, this model is thought problematic in some aspects [12, 15, 13] . One of the biggest problems is that a sensible reheating mechanism expected after inflation is hard to be realised in this model since the tachyon field does not oscillate around the minimum of the asymptotic potential [13] . The mechanisms proposed in past years usually involve the assistance of companion fields: coupling the evolving tachyon to massless fields like gauge fields [16, 17] or introducing extra curvaton field [18] . In this work, we show in terms of the Rindler/tachyon dual description that uniform tachyon rolling in cosmology can automatically create and radiate particles at late times after inflation, with no need of assistant fields. The tachyon produces Hawking-like thermal radiation at the Hagedorn temperature, which is high in the early universe and cools down as the universe expands. This implies that the perturbations including tensor perturbations in tachyon cosmology should be still nearly Gaussian even at late times far beyond inflation.
The paper is organised as follows. In Section. 2, we give a brief summary of the results about string creation and radiation in BCFT. We also show that it is possible to derive thermal radiation in tachyon effective theory. In Section. 3, we show that the theory to derive Hawking radiation in Rindler space is equivalent to the one to derive thermal radiation from tachyon in tachyon field theories, in support of the Rindler/tachyon dual description. We shall discuss their implications to tachyon cosmology in Section. 4. In the last section, we make the conclusions.
Thermal radiation from tachyon in string theory
Open-string creation and closed-string radiation from rolling tachyon are mainly discussed in the BCFT. Here, we give a brief summary of the results and show that it is possible to derive similar thermal radiation in the effective theory.
BCFT
In BCFT, the worldsheet action [19, 20] is given by
where m 2 (X 0 ) is (λ/2)e ±2βX 0 or λ cosh(2βX 0 ), depending on the detailed physical meaning. The constant β is
, (bosonic string)
with the string length l s = √ α ′ . From the action (1), the non-vanishing components of the energy-momentum tensor at late times are obtained [19, 20] :
where τ p is the tension of the unstable Dp-brane and 1 ≤ i, j ≤ p. So we get a pressureless matter state towards the end of condensation, which corresponds to non-relativistic, massive closed strings [21, 22] . The open-string pair creation is discussed in this theory in a minisuperspace approximation [1, 3] . In this approximation, we only consider the zero-mode x µ = (t, x) of X µ = (X 0 , X), with the fields x µ only depending on τ . Then the action (1) is
where N is the oscillation number. From this action, we can get the Hamiltonian and further get the Klein-Gordon (KG) equation from the constraint H = L 0 + L 0 = 0:
For a decaying unstable D-brane, m 2 (t) ∼ (λ/2)e 2βt at late times. This equation can be derived from the following action, as discussed in [23] :
The dot denotes the derivative with respect to the time t and the same notation is adopted below. The equation (5) can be transformed into the standard Bessel equation and so it can be solved by Bessel functions. The vacuum with no particles is chosen to be in state in the far past t → −∞. The production rate of open-string pairs by evaluating the out state at late times are found to be a thermal spectrum at the Hagedorn temperature:
This temperature essentially arises from the periodicity of the Euclideanised time coordinate −it ∼ −it + 2π/β. It is easy to notice that the action (6) and equation (5) are both invariant under the periodic translation of the Euclideanised time.
The emission of closed strings is also discussed in the BCFT in [6, 7] . The results indicate that unstable D-particle or wrapped Dp-branes will decay into closed strings, mainly very massive ones, towards the end of tachyon condensation. This leads to remarkable results for understanding the fate of a particle collapsing into a non-extremal black hole in the Rindler/tachyon dual description, as will be discussed later. But we will not talk much about this point in this work.
Effective field theory
The tachyon effective theory is believed to be equivalent to the BCFT [24, 7, 22] . Thus, it is expected that the same features about string creation and radiation from tachyon obtained in BCFT should be reproduced in this effective theory. In what follows, we show that it is possible to derive the similar thermal spectrum of open-string pair creation at Hagedorn temperature in this theory by using similar approach.
The tachyon effective theory in homogeneous case is
where the potential can be
The potential tends to vanish as T → ±∞. At late time as the tachyon grows large, the potential is V (T ) ≃ 2τ p e −βT . If there is no energy loss from the rolling tachyon, the energy density should be constant. So the energy-momentum tensor is derived
where E is a constant. Thus, the components evolve as those given in Eq. (3) in BCFT. We get a tachyon matter state eventually as well.
The first equation in Eq. (10) says that the speed |Ṫ | of tachyon is accelerating from 0 to the speed 1 of light, with the accelerationT ≃ (4βτ
2 )e −2βT at late times. It is known that radiation of particles can be detected from accelerating particles due to the Unruh effect. We now consider the open-string creation process in this effective theory. From the expression of T 00 , the equation of motion can be expressed aṡ
This equation can be derived from the vanishing of the Hamiltonian as follows This equation is an equation of motion of the Lagrangian:
gives the desired Hamiltonian. Hence, for an unstable D-particle, we get the late-time KG equation from H = 0:
ψ (T ) = 0.
This equation is similar to Eq. (5). The difference is that the mass term τ 2 0 /E 2 is dimensionless, while in Eq. (5) it is of dimension mass squared. So this equation appears to be "normalised" by dividing by E 2 on both sides. We can demonstrate this by discussing the
Dividing it by ω 2 on both sides, we change the equation to (1 + ∂ 2 x − m 2 /ω 2 )ψ = 0 whose solution becomesψ = e −it+ikx withk = k/ω. Similarly, we can reexpress Eq. (14) as
whose solution is of the style ψ(t, T ) = e ±iEt ψ(T ). It can be derived from the action:
At late times, the tachyon field T is verified to be proportional to the world-sheet coordinate shown above: T ∝ X 0 via the relation m(X 0 ) ∼ e βX 0 ∝ sinh(βT ) [24] . Since the field solution at late times is approximately T ≃ t, this action is is analogous to the one (6) that describes the creation process instead of the decaying process of an unstable brane (but for either case, the thermal feature is derived), in particular if λ is set to be negative.
Eq. (14) can be transformed into the modified Bessel equation. Similar to Eq. (5), we can derive a thermal spectrum of open-string pair production from Eq. (14) . The in vacuum can be chosen at T = 0. So we can determine that at late times particles are created at the Hagedorn temperature (7) from rolling tachyon described by the effective field theory. Here, the temperature arises essentially from the periodic translation of the imaginary field −iT → −iT + 2π/β with T ≃ t. Both the equation (15) and Lagrangian (14) are invariant under this translational symmetry.
The Rindler/tachyon dual description
In [8] , we found that an unstable particle can actually be viewed as an infalling particle in Rindler space, connecting the dynamics in Rindler space to the tachyon field theories discussed above. In this holographic dual description, the tachyon condensation process can be studied through analyszing the (thermo)dynamics in Rindler space. The facts and features about tachyon condensation piece together in this dual picture and are embedded into black hole thermodynamics. We now make the connection between Hawking radiation from black holes and radiation from tachyon.
Hawking radiation and radiation from tachyon
Let's start with the two-dimensional Minkowski spacetime
In terms of the trajectory of a uniformly accelerating observer, we do the following reparameterisation:
where β is a constant introduced above. For T = 0, this is trajectory of uniformly accelerating observer with the acceleration of β. Note that this expression of the transformation is different from that given in standard textbooks. We have chosen a minus sign in the exponential function. But this does not make severe difference in detailed calculations. Under the transformation (17), we get the Rindler space of the form
This is the generic metric near event horizons of non-extreme black holes. It can also be expressed as
with the relation:
Thus, T → ∞ at the horizon ρ → 0. The Hawking radiation is usually derived by probing a minimally coupled scalar field φ of mass m s in the Rindler space. Inserting the metric (18), we can have the action of the scalar field
It has the KG equation:φ
The equation has the solution of the style φ(t, T ) = e ±iωt φ(T ). As it is well known, solving the equation leads to the derivation of a thermal spectrum of particle production from black holes with the Hawking temperature T H (detected in the time coordinate of t)
It is clear to see that the action L φ for a scalar φ obtained in Rindler space is equivalent to the one L ψ (15) obtained in tachyon field theory, if we identify ω with E and m s with m 0 = 2τ 0 . It implies some correlations between the dynamics in Rindler space and tachyon field theories.
The equivalence is exactly a direct result of the holographic dual description between the two sides, given in [8] . We can consider the dynamics of a prob (D-)particle with mass m 0 moving in Rindler space along the radial direction. Actually, its action is a time-dependent tachyon effective theory:
where
In this definition, the tachyon field T is of dimension length. Approaching the horizon ρ → 0, we have T → ∞ and V (T ) → 0. This action is the tachyon field action with the potential (9) at late times. From the two equivalent equations (14) and (22) of motion, we can know that the Hawking temperature in Rindler space is the counterpart to the Hagedorn temperature in the tachyon field theory constructed in same time coordinate, i.e.,
Hag .
as shown by Eqs. (7) and (23) . In string theory, open strings attached to the horizon can pair up to form closed strings and the emission of massless closed strings accounts for the Hawking radiation [25] . Since the two temperatures are equal as shown in Eq. (26), the emission and absorption of massless closed strings by the infalling particle in the black hole thermal environment should be in equilibrium. This point may give a consistent interpretation to why most energy of tachyon condensation is transferred into massive closed string radiation, forming tachyon matter. From the dual point of view, the temperatures discussed above essentially all arise from the periodicity of the Euclidean time of the Rindler space: −it → −it + 2π/β, even for the equations (14) and (22) relying on the field or radial coordinate T . In fact, T plays the role of time at late times via the relation T ≃ t. This point is crucial. For a scalar propagating on the AdS space ds 2 AdS = e −2Λy dx µ dx µ + dy 2 , we actually can derive similar KG equation to (22) . It is also an equation relying on the radial coordinate y. But the difference is that the coordinate y is not apparently related to the time coordinate. So no temperature is derived in there. This dual description also means that the infalling particle will completely decay into closed strings, mainly very massive ones, from the knowledge mentioned above. In [8] , we have made the estimation that the degenerate states of these closed strings should account for the entropy increased in the host black hole due to absorption of the infalling particle. The result satisfies the first law well for black holes far away from extremality.
Finally, we may need to check the back reaction. For D-particles in string theory, the mass is m 0 ∼ 1/g s . Thus, for small g s , the mass of the particle is very heavy. In this case, the particle can deform the vacuum geometry of a black hole strongly on the gravitational theory side while in the tachyon field theory the back reaction is relatively weak [4, 7] . For large g s , the situations are reversed on the two sides.
An example
We can take a look at a simple and well-studied example, the Schwarzschild black hole:
where r 0 = 2M. The Hawking radiation can be derived by introducing a scalar φ with mass m s in the black hole background. Defining the tortoise coordinate r * = r + r 0 ln r r 0 − 1 .
Splitting the scalar field as:
To get the Rindler space and construct the standard tachyon field theory , we adopt the following coordinate redefinitions
so that ρ is dimensionless. The near-horizon form of the metric (27) is now
times a sphere.
As above, we define T = −(1/β) ln ρ. Approaching the horizon r → r 0 , we have r * ≃ −2βr 0 T by inserting (31) into (28). So the equation (29) becomes:
This KG equation can be alternatively derived from tachyon field theories, implying a dual description between the two sides. This dual relation can be explored by probing a particle in the above near-horizon geometry of the black hole. The action of such a particle is
with
The mass of the scalar is m 0 measured in the χ coordinate and is 2βr 0 m 0 measured in the t coordinate. Thus, an ordinary particle in Rindler space can be viewed as an unstable particle. The mass of the unstable particle is τ 0 = βr 0 m 0 detected in the t coordinate.
From the dual relation, we know that the Hawking temperature T
Haw of the Schwarschild black hole detected in the t coordinate is equal to the Hagedorn temperature T (t)
Hag for particle creation from tachyon. If we transform back to the original time coordinate χ in (27), the near-horizon metric is ds 
Accordingly, the action of the test particle constructed in this time coordinate is
From this action, we can derive the Hagedorn temperature T
Hag , which is detected in the χ coordinate. This can be derived by comparing with the standard tachyon effective action (34). It turns out to be T 
Thermal radiation from tachyon in cosmology
The above results have useful applications to tachyon cosmology. The tachyon cosmology is a powerful cosmological model because it can provide a unified description of multi-stage puzzles in modern cosmology. However, the reheating mechanism is not well clarified [13] . In what follows, we shall show what clues our results above provide to this problem and other aspects in this model.
For a flat universe, the FLRW cosmological metric is
with dt = a(η)dη. The tachyon cosmological model is described by:
where V (T ) = τ 3 / cosh(βT ) and τ 3 is the tension of the unstable D3-brane. This action including the effective theory of a uniform tachyon, which means it should gives rise to a particle creation process like the Hawking radiation. But the situation is somehow different in this case: the tachyon field is coupled to gravity. We shall tackle this below.
From the action, we can have the equations:
where dots and prime respectively denote derivatives with respect to time t and the field T .
It is known that the evolution of these equations at early stage leads to an inflationary stage driven by the potential V around T = 0. The dS universe also has an event horizon. For a general inflationary universe which is nearly the dS space with a(t) = e Ht , there is an equivalent Hawking temperature arising from the periodic Euclideanised time coordinate
This means that the perturbations produced from inflation are nearly Gaussian. During the inflationary stage, most energy of the potential V (0) is transformed into the rapid expansion of the universe. However, beyond inflation, the situation should be changed. We can analyze this by rewriting Eq. (41) at late times as
For given equation state ω = −1, the scale factor evolves as a(t) ∼ t 2/3(1+ω) . So
i.e., it decreases with time after inflation. Thus, at late times, we still approximately have the solutionṪ = tanh(αt) with α being close to but less than β, i.e., very close to the solution in flat space. Since V (T (t)) ∼ e −βt at late times, the solution also verifies that H decreases with time from Eq. (40). This means that most energy should be transferred to particle creation and radiation at late times. In this case, we can adopt the results obtained in the previous section as a good approximation here. Comparing the action (39) in cosmological background with the standard effective action (8), we can read out the temperature for thermal radiation from the tachyon in cosmology
This temperature evolves in the same rule as other thermal components in the expanding universe. It should be the scale of the CMB temperature at the present era. This is like the case for a black hole, the Hawking or Hagedorn temperature observed in the t coordinate is redshifted to a small value as detected for an observer at infinity in the χ coordinate. Hence, in the tachyon cosmology, the quantum effects of tachyon can lead to a hot universe after inflation via the particle creation process like what happens near a black hole. In the stringy language, open strings are excited and created from the homogeneous tachyon at the Hagedorn temperature. Meanwhile, closed strings are formed and radiated. The massless closed strings may account for a gravitational background of Gaussian distribution, as can be tested by analysing the tensor perturbations. The massive closed strings forms the tachyon matter, which is a candidate to dark matter. This process to attain a hot universe resembles the tachyonic preheating mechanism in hybrid inflation during the stage before the scalar rolls down to the minimum of the potential [26] .
We now compare the two temperatures presented above. As shown in Eq. (2), β is dimension of mass: β = M s /2 for bosonic strings and β = M s / √ 2 for superstrings. During the slow-roll inflation, we can work outḢ ≃ −(β 2 /6) tanh 2 (βT ). As in [13] , we can determine that the inflation should end at H ∼ β from the slow-roll condition H 2 ≫ |Ḣ|. Hence, the temperature (42) around this moment is comparable to the Hagedorn temperature from the tachyon
This means that the emission of gravitational waves from the tachyon and its absorption of gravitational waves from the inflationary relic should be balanced. The situation is also similar to the case in a black hole, where the Hagedorn temperature is equal to the Hawking temperature of the black hole as well. The above conclusions can be checked through the perturbation analysis. We separate the tachyon field as follows: T (t, x) = T (t) + τ (t, x). In the expanding universe, the perturbed equation of motion of tachyon at late times is:
From the above analysis, we approximately adopt the solutionṪ ∼ tanh(βt) at late times. At the end of inflation, H ∼ β as stated above and it will even decrease afterwards. So we may ignore the second term in the square bracket in the equation and do the expansion: τ = e −βt k u k (t)e i k· x , we can get the equation at late times:
The case that a = const is the one in flat spacetime. We can see that it takes the similar form to the KG equations in tachyon field theories, by identifying T ≃ t at late times. For the case in the cosmological background, a evolves with time. But we can think that it evolves slowly at late times and it can be viewed constant within a short time interval compared with the much more rapidly exponential evolution e −2βt . So we can still derive the temperature (44). As we can check, the tensor perturbations responsible for gravitational waves have similar behaviour, obeying the similar equation.
Conclusions
In this work, we show that Hawking radiation can be calculated in tachyon field theory in terms of the dual relation between gravitational theory in Rindler space and tachyon field theory constructed in the same time coordinate. Specifically, this says that the minimally coupled action L φ of a scalar of mass m s propagating near a non-extremal black hole is the same as the action L ψ obtained in the tachyon field theory which describes an infalling particle with mass m 0 = m s in Rindler space. From both actions, Hawking radiation can be equivalently derived. Embedding tachyon condensation into this dual picture, we are more convinced that rolling tachyon indeed creates thermal radiation, with the particle pairs created at the Hagedorn or Hawking temperature. We further show that the result is useful in tachyon cosmology. The uniform tachyon rolling in cosmology can automatically create thermal particles to reheat the universe after inflation, via a mechanism just like the Hawking radiation from a black hole. This also means that the perturbations in tachyon cosmology should be still Gaussian even at late times, including the matter-dominated stage. These features would make the tachyon cosmological model still more interesting, not just releasing some of the problems proposed in previous works.
